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PLUME DISPERSION OF THE EXHAUST FROM A CRYOGENIC WIND TUNNEL 
SUMMARY 
An a n a l y t i c a l  m o d e l  w a s  developed t o  p r e d i c t  the behavior  of t h e  plume exhaus t -  
i n g  from the Nat iona l  Transonic  F a c i l i t y ,  a c ryogenic  wind t u n n e l  a t  NASA, Langley 
Research Center.  The model c o n s i s t s  of t w o  s t ages :  t h e  f i r s t  stage w a s  a n a l y t i c a l l y  
r e so lved  by assuming a Gaussian d i s t r i b u t i o n  of t h e  plume thermodynamic p r o p e r t i e s  i n  
t h e  r a d i a l  d i r e c t i o n  and numerical ly  i n t e g r a t i n g  the momentum and d i f f u s i o n  equa- 
t i o n s ;  the second s t a g e  describes the d e s c e n t  of t h e  plume and is re so lved  by 
d e s c r i b i n g  t h e  crosswind displacements  by v o r t i c i t y  and numer ica l ly  i n t e g r a t i n g  i n  
the crosswind and downwind d i r e c t i o n s .  Temperature, v i s i b i l i t y ,  oxygen concent ra -  
t i o n ,  and flow c h a r a c t e r i s t i c s  of the plume are c a l c u l a t e d  for d i s t a n c e s  downwind of 
the stack exhaust .  P r e d i c t i o n s  are compared wi th  s e v e r a l  photographic  obse rva t ions .  
me model p r e d i c t s  t h e  c e n t e r l i n e  t r a j e c t o r y  of t h e  plume f a i r l y  a c c u r a t e l y ,  b u t  
unde rp red ic t s  t he  e x t e n t  of fogging. Revis ions of t h e  d i f f u s i o n  c o e f f i c i e n t  are made 
t o  b r i n g  t h e  model i n  better agreement w i t h  the  obse rva t ions .  Comparisons of  t h e  
v i s i b l e  v e r t i c a l  spreading  of the plume are made wi th  Gaussian plume spreading .  
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SYMBOLS 
empirical s t a b i l i t y  f a c t o r  ( A  = -3 from ref. 3 )  
mean d r o p l e t  diameter (microns 1 
r a d i u s  from exhaus t  j e t  ax i s  t o  plume edge ( m )  
c o n s t i t u e n t  concen t r a t ion  (kg/m 1 
s p e c i f i c  heat of a i r  a t  cons tan t  p r e s s u r e  (cal/g-OK) 
v a r i a b l e  r e p r e s e n t i n g  pressure ,  temperature ,  c o n s t i t u e n t  c o n c e n t r a t i o n ,  
3 
water vapor con ten t ,  or t o t a l  water c o n t e n t  of t h e  exhaus t  
p rope r ty  of t h e  exhaus t  
a c c e l e r a t i o n  of g r a v i t y  (9.8 m/sec2) 
Von Karman u n i v e r s a l  cons tan t  (ko = 0.4) 
1 
K 
Kref 
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U 
'a 
V 
W 
X 
Ax 
Y 
z 
20 
a 
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V2 
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eddy d i f f u s i v i t y  (m2/sec) 
eddy d i f f u s i v i t y  j u s t  above ground (0.1 5 cm2/sec) 
t u r b u l e n t  eddy mixing l eng th  ( m )  
l a t e n t  hea t  of condensa t ion  ( c a l / g )  
mass of l i q u i d  water per u n i t  mass of a i r  (kg/kg)  
t o t a l  water mass ( l i q u i d  + vapor)  per u n i t  mass of a i r  (kg/kg) 
r a d i u s  from exhaus t  j e t  a x i s  ( m )  
Richardson number 
t i m e  ( sec)  
t i m e  increment (sec 1 
temperature ( O K )  
ho r i zon ta l  component of exhaus t  v e l o c i t y  i n  S tage  I (m/sec) 
h o r i z o n t a l  wind speed (m/sec) 
h o r i z o n t a l  wind speed a t  200 m a l t i t u d e  (m/sec) 
plume h o r i z o n t a l  component of v e l o c i t y  i n  crosswind (pe rpend icu la r  t o  
downwind d i r e c t i o n  x )  p l ane  (m/sec) 
plume v e r t i c a l  component of v e l o c i t y  (m/sec 1 
d i s t a n c e  downwind o f  stack ( m )  
increment of d i s t a n c e  downwind of stack ( m )  
h o r i z o n t a l  d i s t a n c e  i n  the  crosswind (pe rpend icu la r  t o  downwind d i r e c t i o n  
x )  plane ( m )  
v e r t i c a l  d i s t a n c e  ( m )  
s u r f a c e  roughness parameter ( m )  
en t ra i nmen t coe f f i c ie  n t 
atmospheric l a p s e  rate ( OK/km) 
dry  a d i a b a t i c  a tmospheric  lapse rate (9.8OK/km) 
Laplacian o p e r a t o r  (m-2) 
p o t e n t i a l  t empera ture  i n  exhaus t  ( O K )  
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b 
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x h e i g h t  a t  which eddy mixing l e n g t h  levels o f f  ( m )  
0 stream f u n c t i o n  ( m  /set) 
5 v o r t i c i t y  (sec-l I 
P d e n s i t y  (kg/m 1 
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3 d e n s i t y  of water (g/cm ) p W 
(J s t a n d a r d  d e v i a t i o n  of exhaust jet  Gaussian d i s t r i b u t i o n  ( m )  
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atmospheric  c o n d i t i o n s  
exhaust  j e t  a x i s  
a t  s t a c k  e x i t  
exhaus t  
mean 
s a t u r a t i o n  
ambient a tmospheric  cond i t ions  
f i r s t  s t a g e  of plume 
second s t a g e  of plume 
p o i n t  on j e t  v e r t i c a l  axis 
p o i n t  on j e t  v e r t i c a l  axis h ighe r  t han  p o i n t  1 
INTRODUCTION 
The l i t e ra ture  c o n t a i n s  many a n a l y t i c a l  and experimental  s t u d i e s  of buoyant 
plumes, b u t  few i n v e s t i g a t i o n s  i n t o  the behavior  of nega t ive ly  buoyant plumes. The 
purpose of t h i s  paper is  t o  d e s c r i b e  an a n a l y t i c a l  d i s p e r s i o n  model and compare 
p r e d i c t i o n s  of t h e  model with observat ions OE fogging from t h e  n e g a t i v e l y  buoyant 
plume exhaus t ing  from t h e  Na t iona l  Transonic F a c i l i t y  (NTF) ( r e f .  1 ) .  The NTF is a 
c ryogen ic  wind t u n n e l  used f o r  t e s t i n g  advanced t r a n s p o r t ,  f i g h t e r ,  and o t h e r  ae ro -  
space models up  t o  Reynolds numbers of 120 m i l l i o n  a t  Mach 1 ( f i g .  1 ) .  T e s t  s e c t i o n  
Mach numbers vary from 0.2 t o  1.2. The tunne l ,  which ach ieves  t h e  h i g h  Reynolds 
3 
numbers by a combination of h igh  p r e s s u r e  and l o w  temperature ,  w a s  des igned  t o  
o p e r a t e  over temperatures  from 77OK (-320OF) to  339OK (151OF) and p r e s s u r e s  from 
atmospheric t o  8.97 x lo5  N/m2 ( 1  30 psia) ( r e f .  1 ) .  
i n j e c t i n g  l i q u i d  n i t rogen  ( L N ~ )  through small nozz le s  p o s i t i o n e d  i n  t h e  wind t u n n e l  
Low tempera tures  are achieved by 
c i r c u i t  upstream of the d r i v e  fan.  The l i q u i d ,  upon be ing  sprayed i n t o  t h e  tunne l ,  
is vaporized and the co ld  n i t rogen  gas  is a c c e l e r a t e d  as the test gas .  F igure  2 is a 
schemat ic  of the wind t u n n e l  circuit, showing l o c a t i o n s  of 
f an ,  and o t h e r  components. H e a t  of compression from t h e  f a n  vapor i zes  t h e  l i q u i d  
n i t rogen .  I n  order  t o  establish s t eady  thermodynamic c o n d i t i o n s  w i t h i n  t h e  t u n n e l  
f o r  t e s t i n g ,  cold n i t rogen  g a s  is exhausted from the t u n n e l  a t  the same mass f l o w  
r a t e  as t h a t  of the  LN2 t ha t  is  cont inuous ly  i n j e c t e d .  The i n l e t  and exhaus t  
systems were designed f o r  up t o  426 kg/sec (940 lb/sec) of  n i t r o g e n  f low dur ing  
LN2 i n j e c t i o n ,  t h e  d r i v e  
I 
normal o p e r a t i o n  (ref.  2 ) .  
The NTF exhaust  system c o n s i s t s  of s p e c i a l  p i p i n g  wi th  relief va lves ,  exhaus t  
c o n t r o l  ( t h r o t t l i n g )  va lves ,  and a f a n / e j e c t o r  system which mixes the co ld  exhaus t  
g a s  wi th  s u f f i c i e n t  amounts of a i r  f o r  s a f e  emiss ion  i n t o  t h e  atmosphere ( f i g .  31, 
(ref. 2 ) .  An a n a l y t i c a l  computer program w a s  devised  which computes exhaus t  f low 
characteristics from t h e  e x i t  of t h e  t u n n e l  t o  the ven t  stack e x i t .  The program 
c a l c u l a t e s  the mixing ra t io  of mass of a i r  t o  mass of n i t r o g e n  by p r e d i c t i n g  t h e  
secondary a i r  inges ted  by t h e  n i t r o g e n  stream. Fan a i r  from f o u r  48-inch a x i a l  vane 
f a n s  pos i t i oned  a t  the base of  t h e  stack system was also taken  i n t o  account .  An 
o p e r a t i o n a l  map of a i r - to -n i t rogen  mixing ra t io  i n  t h e  s t a c k  ve r sus  t u n n e l  n i t r o g e n  
exhaus t  g a s  (GNZ) f l o w  is shown i n  f i g u r e  4 ove r  the tempera ture  range of opera- 
t i o n .  The f a n / e j e c t o r  system w a s  designed such t h a t  the  ejector produced a n  air-to- 
n i t rogen  mixing r a t i o  a t  a l l  t i m e s  g r e a t e r  than  one as t h e  mixture  e x i t s  the v e n t  
stack. 
. 
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DESCRIPTION OF DISPERSION MODEL 
The d i s p e r s i o n  model begins  a t  t h e  top of t h e  e l even  f o o t  d iameter ,  120-foot 
h igh  NTF ven t  s t a c k  (see f i g .  1 ) .  Secondary a i r  f l o w  rate, computed by the aforemen- 
t i o n e d  exhaus t  system computer program and mapped i n  f i g u r e  4, and t h e  n i t r o g e n  
exhaus t  f l o w  rate and temperature are  i n p u t s  t o  t h e  d i s p e r s i o n  model. The model 
c o n s i s t s  of two s t a g e s .  The f i r s t  s t age  d e s c r i b e s  t h e  plume dur ing  a s c e n t .  The 
second s t a g e  begins  when t h e  v e r t i c a l  v e l o c i t y  i s  z e r o  and d e s c r i b e s  t h e  plume from 
then  u n t i l  completely mixed wi th  the atmosphere.  The second s t a g e  i n c l u d e s  d e s c e n t  
i f  t h e  plume is  nega t ive ly  buoyant a t  t h e  beginning of  t h a t  s t age .  
S t age  I 
The f i r s t  s t a g e  of t h e  d ispers ion  model is based on a v e r t i c a l  subsonic  plume 
assumed to  be s t eady  s ta te  i n  t h e  r a d i a l  d i r e c t i o n  wi th  p r o p e r t i e s  expressed  by t h e  
Gaussian r e l a t i o n s h i p ,  
( 1  1 2 2  D = D exp(- r  /2a 
A 
where D is p res su re ,  temperature ,  c o n s t i t u e n t  concen t r a t ion ,  water vapor con ten t ,  
or to ta l  water con ten t .  A momentum ba lance  i n  t h e  v e r t i c a l  d i r e c t i o n  a t  a p o i n t  on 
t h e  plume a x i s ,  cons ide r ing  buoyancy and d i f f u s i o n ,  y i e l d s  
I n  t h e  h o r i z o n t a l  d i r e c t i o n ,  t h e  momentum ba lance  y i e l d s ,  
(u*  - u )  a2 - =  d' 2K - 
ar d t  
From t h e  d i f f u s i o n  equat ion ,  
5 
a 2  - =  dc 2 K 7  (c, - c )  
d r  d t  
- =  dQL 2 K  7 a 2  (QL* - Q,) +-(%) 
- d t  - ar s a t  d t  
( 7 )  
where 
u n s a t u r a t e d ,  o r  condensation i f  t h e  vapor exceeds s a t u r a t i o n .  Once K and u are 
def ined ,  equat ions  ( 1 )  through ( 7 )  are numerical ly  i n t e g r a t e d  t o  determine t h e  prop- 
ert ies w i t h i n  t h e  plume a t  any t i m e .  
(dQ,/dt Isat i s  t h e  change of l i q u i d  water due t o  evapora t ion  i f  t h e  vapor is 
The growth of u with  h e i g h t  z, ( say  from z1 t o  z 2 ) ,  w a s  assumed t o  occur  
by deformation and d i f f u s i o n ,  and is 
= u 2 2  + 
+ z 1  w,) 1 2 u 2  l w  
where t h e  f i r s t  term is due t o  deformation and t h e  second t o  d i f f u s i o n  w i t h  an  
exhaus t  eddy d i f f u s i v i t y  of Kex. The deformation term was a r r i v e d  a t  by assuming 
c o n s e r v a t i o n  of  volume i n  a s t e a d y  s t a t e  process and t h e  r a d i u s  of t h e  e x h a u s t  t o  
c o n t a i n  t h e  f r a c t i o n  of e f f l u e n t  w i t h i n  one u from t h e  a x i s .  The d i f f u s i o n  term 
was o b t a i n e d  from assuming t h e  d i f f u s i o n  t o  be Gaussian wi th  a v a r i a n c e  of 
(Kex,  + K e x 2 ) A t .  From equat ion  (81, 
1 d & = -  2Kex 
2 2 d z  m 2  w u  
m 2  m 2  
-- 
w u  
(9) 
6 
where wm is  the mean v e l o c i t y  1/2(wl + w2)  from z1 t o  z2. Q u a t i o n  (9)  i s  
e q u i v a l e n t  to  the mass conse rva t ion  express ion  for a Gaussian d i s t r i b u t i o n  model 
(ref. 3 ) .  
where a is an  en t ra inment  c o e f f i c i e n t  and b i s  t h e  a c t u a l  r a d i u s  t o  the  plume 
edge. Comparing equa t ions  (9) and (10) and assuming tha t  b - u y i e l d s  
K = a u w  (11)  e x  2 m  
for  the  plume-induced eddy d i f f u s i v i t y  a t  t h e  stack e x i t .  Es t imat ion  of a can be 
made from plume obse rva t ions  by using equa t ion  (2.9) of r e f e r e n c e  3. 
During plume a s c e n t  t h e  t o t a l  eddy d i f f u s i v i t y  i s  assumed to  be 
W m 
KI - Kref + Katm + (Kex - Katm) w e 
- (1  2)  
where Kref is a r e fe rence  atmospheric t u r b u l e n t  eddy d i f f u s i v i t y  j u s t  above ground 
and is  the  atmospheric  t u rbu len t  eddy d i f f u s i v i t y  which depends on a tmospher ic  
s t a b i l i t y  and wind condi t ions .  I n  t h e  f i r s t  s t a g e ,  Katm is  assumed to  vary  on ly  i n  
t h e  z d i r e c t i o n  accord ing  to  equat ion (13 ) .  Equation (12 )  i s  cons t ruc t ed  such t h a t  
a t  t h e  s t a c k  e x i t ,  
s t a g e  Kref + Katm is dominant. Katm is s p e c i f i e d  ( r e f .  3)  as, 
Katm 
Kex is  the dominating d i f f u s i v i t y ,  and a t  t h e  end of  t h e  f i r s t  
2 d U  
K a t m  dz = I  - ( l  + A R )  f o r  R < O  
-1 
f o r  R > 0 2 d U  Ka t m  dz = a  - ( l  - A R )  
(1 3)  
(1 4 )  
where 
7 
l 
and is de f ined  as the  Richardson number. 
determined from v e l o c i t y  f l u c t u a t i o n  d a t a  i n  t h e  E a r t h ' s  boundary l aye r .  
f i r s t  stage, 
A is  an empirical s t a b i l i t y  f a c t o r  
I n  t h e  
U = Uamb. The t u r b u l e n t  eddy mixing l eng th  i s  ( r e f .  3 ) ,  
k ( z  + zo) 
0 a =  z + z  
+ ko( x 
(16) 
where X = 2.7 Ua ( r e f .  4 )  and Ua i s  a c o n s t a n t  wind speed t h a t  Uamb approaches 
a t  an a l t i t u d e  of 200 m. 
t i o n  ( 1 4 )  f o r  an  uns tab le  atmosphere. 
Equation ( 1 3 )  is used f o r  a s t a b l e  atmosphere and equa- 
S tage  I1 
The second s t age  of t h e  d i s p e r s i o n  model begins  once the  v e r t i c a l  v e l o c i t y  
dec reases  t o  zero.  
speed ( x  
x d i r e c t i o n  (crosswind)  are desc r ibed  by t h e  v o r t i c i t y ,  
The plume is assumed to  d r i f t  downwind wi th  t h e  h o r i z o n t a l  wind 
d i r e c t i o n )  and d isp lacements  i n  t h e  p l ane  pe rpend icu la r  t o  t h e  downwind 
dw dv 5 = -  - -  
dy dz 
The p r o p e r t i e s  C,  QT, QL, 8, and 5 i n  t h e  crosswind p lane  are expressed 
through t h e  d i f f u s i o n  equa t ion  as 
'QT a aQT K - + - K -  d Q ~  - a 
d t  az  a z  ay ay - - -  
. 
( 1  9) 
8 
+ (2) s a t  a ~ Q L  + 3 y K a y  ( 2 0 )  
where t h e  las t  term i n  equa t ion  ( 2 2 )  is t h e  t o r q u e  due t o  t h e  h o r i z o n t a l  g r a d i e n t  of 
buoyancy. 
t o rque  and t h e  changes i n  p r o p e r t i e s  over a downwind d i s t a n c e  
t h e  o p e r a t o r ,  
The i n i t i a l  v e r t i c a l  motion i n  t h e  second s t a g e  is gene ra t ed  by t h i s  
Ax are computed u s i n g  
aF  w E) az ( 2 3 )  
where F is e i t h e r  of t h e  properties C, Q, GI 8 or E.  A f t e r  o b t a i n i n g  6 
a t  t h e  downwind d i s t a n c e  x + Ax, a f i e l d  o r  stream f u n c t i o n  + is d e r i v e d  
s a t i s f y i n g ,  
where 
-9  
a Y  
w -  
and 
from which w and v are determined a t  t h e  new d i s t a n c e  x + Ax. The eddy 
d i f f u s i v i t y  K f o r  t h e  second stage used i n  equa t ions  ( 1 8 ) - ( 2 2 )  i s  
K = K  + K  
I1 r e f  atm 
9 
where, i n  t h e  second stage, U i n  equa t ions  ( 1 3 1 ,  (141 ,  and ( 1 5 )  i s  composed of 
t h e  y and z direction v e l o c i t i e s ,  v and w, r e s p e c t i v e l y .  
V i s i b i l i t y  i s  c a l c u l a t e d  by t h e  equat ion  
a V = 2.61 pw - 
QL 
( 2 8 )  
I 
( r e f .  5) i n  both  s t ages  of  t h e  plume d i s p e r s i o n  model. I n  t h e  f i r s t  s t a g e ,  v i s i b i l -  
i t y  on t h e  plume c e n t e r l i n e  as a func t ion  of a l t i t u d e  is c a l c u l a t e d .  I n  t h e  second 
s t a g e ,  v i s i b i l i t y  is c a l c u l a t e d  as a f u n c t i o n  of  y and z i n  t h e  crosswind p lane  
and as a f u n c t i o n  of downwind d i s t a n c e  x. 
COMPARISON OF PLUME PHOTOGRAPHS WITH ANALYTICAL PREDICTIONS 
The plume from t h e  NTF v e n t  s t a c k  w a s  observed and photographed du r ing  s e v e r a l  
t unne l  runs  occur r ing  on d i f f e r e n t  days a t  d i f f e r e n t  a tmospheric  cond i t ions .  A 
ba l loon  c a r r y i n g  an in s t rumen t  package f o r  measuring wind speed and d i r e c t i o n ,  rela- 
t i v e  humidi ty ,  temperature,  and p res su re  w a s  launched w i t h i n  1-2 hours  p r i o r  to  or 
du r ing  each run. The package c o n s i s t e d  of a t h r e e  cup anemometer f o r  wind speed 
measurement; an  e lectr ical  clamping compass us ing  t h e  ba l loon  a s  a wind vane f o r  wind 
d i r e c t i o n  measurement; a wet-dry bulb  a s p i r a t o r  u s ing  t h e r m i s t o r s  f o r  humidity and 
tempera ture  measurement; and a t r ansduce r  f o r  p r e s s u r e  measurement. D a t a  were 
te lemetered  to  a r e c e i v e r  on the  ground and recorded real  t i m e .  The ba l loon  w a s  
launched t o  an a l t i t u d e  of about  500 f e e t ,  which w a s  h ighe r  than  plume ascen t .  
F igure  5 i s  a photograph of t h e  ba l loon .  The wind and tempera ture  p r o f i l e s  as a 
f u n c t i o n  of  a l t i t u d e ,  and t h e  p r e s s u r e  and r e l a t i v e  humidi ty  a t  t h e  maximum plume 
h e i g h t  were i n p u t s  t o  t h e  plume d i s p e r s i o n  model. Est imated mass f l o w s  of  n i t rogen  
and secondary a i r  pumped by t h e  ven t  s t a c k  ejector w e r e  also i n p u t s  t o  t h e  d i s p e r s i o n  
model. The n i t rogen  exhaus t  f low r a t e  w a s  e s t ima ted  by thermodynamic computat ions 
us ing  t u n n e l  pressure, temperature ,  and d r i v e  motor horsepower. The ejector 
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secondary a i r  f l o w  rate w a s  estimated us ing  t h e  earlier mentioned exhaus t  f l o w  
a n a l y t i c a l  model developed a t  LaRC based on p rev ious ly  developed eng inee r ing  practice 
( r e f .  6 ) .  
F igu res  6, 7, and 8 are photographs of t h e  plume dur ing  tunne l  ni t rogen exhaus t  
f lows of 193.2 kg/sec (426 l b / s e c ) ,  298 kg/sec (657 lb/sec), and 345.1 kg/sec  
(761 lb/sec), r e s p e c t i v e l y .  Vent s tack e x i t  t empera tures  of  t h e s e  three runs  w e r e  
calculated to  be 239.2OK (-28.8OF1, 229.1°K (-47.1°F), and 223.1OK (-56.4OF). Mea- 
su red  atmospheric  s u r f a c e  wind speed, r e l a t i v e  humidi ty ,  and tempera ture  w e r e  
5.5 m/sec (12.3 mph), 74 percent,  and 294.1"K (70°F) ,  r e s p e c t i v e l y .  The measured 
atmospheric  lapse rate w a s  (-12,3OK/km) (- .0053°F/ft) .  The dark  l i n e  i n d i c a t e s  t h e  
p r e d i c t i o n  by t h e  dispersion model of t h e  plume c e n t e r l i n e  and t h e  distance downwind 
a t  which the f o g  dissipates. Predic t ion  of t h e  c e n t e r l i n e  appears to  agree w e l l  w i t h  
the obse rva t ions ,  bu t  t h e  model predic ted  f o g  d i s s i p a t i o n  a t  a less d i s t a n c e  downwind 
than  observed. N o t e  t h a t  t h e  plume d i s s i p a t e s  be fo re  reachinq  s t a g e  I1 (maximum 
h e i g h t  1. 
Observa t ions  were made of  t h e  plume a t  a later d a t e  a t  a r e l a t i v e  humidi ty  of 
94 pe rcen t ,  ambient temperature  of 281.9OK (48"F) ,  and a s u r f a c e  wind speed of  
2.68 m/sec (6 mph). The h igh  humidity r e s u l t e d  i n  s i g n i f i c a n t  fogging i n  t h e  second 
s t a g e  of t h e  plume. Table  1 shows a summary of these  obse rva t ions .  Three observa- 
t i o n s  were made a t  a n i t rogen  mass flow of 270.7 kg/sec (597 lb/sec) . The means of 
t h e  maximum plume c e n t e r l i n e  he igh t s ,  d i s t a n c e s  downwind a t  which t h e s e  maximum 
h e i g h t s  occur red ,  and t h e  plume widths a t  t h e  maximum h e i g h t s  are shown i n  table 1 ,  
a long  wi th  t h e  a n a l y t i c a l  model pred ic t ions .  R e s u l t s  of an obse rva t ion  a t  a n i t r o g e n  
mass f low rate of 207.7 kg/sec (458 lb / sec )  are also shown i n  table 1 ,  a long  wi th  t h e  
a n a l y t i c a l  model p r e d i c t i o n s .  Predicted va lues  of t h e  c e n t e r l i n e  maximum h e i g h t  and 
plume width a t  t h a t  maximum h e i g h t  were w i t h i n  about  20 percent of  observed values .  
Observed va lues  of t h e  d i s t a n c e  downwind of t h i s  maximum h e i g h t  were n o t  as much i n  
agreement.  F igure  9 shows a r ep resen ta t ive  obse rva t ion  of  one of  t h e  runs  a t  
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270.7 kg/sec,  (597 lb/sec) n i t rogen  f l o w .  The dark  l i n e  i s  t h e  c e n t e r l i n e  p r e d i c t e d  
by t h e  model. Figure 10 shows an observation a t  207.7 kg/sec (458 lb/sec) of  
n i t r o g e n  f l o w  and the p r e d i c t e d  c e n t e r l i n e .  
i n  t h a t  it p r e d i c t s  descen t  of t h e  plume due to  nega t ive  buoyancy. 
though, predicts plume touchdown on t h e  ground a t  a d i s t a n c e  from the s t a c k  much 
g r e a t e r  than  observed. The observed fog descended t o  ground l e v e l ,  b reaking  up j u s t  
b e f o r e  touching  ground. The model w a s  r ev i sed  somewhat, to  o b t a i n  t h e  agreement 
shown i n  F igu res  9 and 10. 
gene ra t ed  more fog f o r  f u r t h e r  d i s t a n c e s  downwind. 
w a s  e s t ima ted  t o  be about  0.15 by measuring t h e  r a d i a l  spread  of t h e  plume from 
close-up photographs and us ing  equa t ion  2.9 of r e fe rence  2. 
The model a g r e e s  wi th  t h e  observations 
The model, 
The Katm w a s  decreased by a f a c t o r  of 200, which 
The en t ra inment  c o e f f i c i e n t  a 
Pred ic t ed  c e n t e r l i n e s  i n  F igu res  9 and 10 agree  f a i r l y  w e l l  wi th  t h e  observed 
plume behavior .  
second stage with downwind d i s t a n c e .  
ver t ical  width for  a d i s t a n c e  downwind, then  a s l i g h t l y  dec reas ing  v e r t i c a l  width 
wi th  f u r t h e r  increase i n  downwind d i s t a n c e .  The observed vertical  wid ths  were d e t e r -  
mined by f a i r i n g - i n  plume boundaries  from t h e  photographs.  
p l o t t e d  and compared with t h e  v e r t i c a l  spreading  parameters ,  or s t anda rd  d e v i a t i o n s ,  
recommended by Briggs ( r e f .  7 )  for a l l  s t a b i l i t y  classes and used i n  Gauss ian  plume 
ana lyses .  Comparison of t hese  curves  i n d i c a t e s  t h e  spreading  of t h e  v i s i b l e  plumes 
t o  be i n  accordance wi th  s t a b i l i t y  classes C or D, which are s l i g h t l y  stable or 
n e u t r a l  s t a b i l i t y  classes, r e s p e c t i v e l y .  The measured atmospheric  l a p s e  rate d u r i n g  
t h e s e  observa t ions  w a s  -9.83"K/km (-.004Z°F/ft) which cor responds  to  a n e u t r a l  
s t a b i l i t y  class. 
plume and t h e  n e u t r a l  s t a b i l i t y  class w a s  estimated to  be on ly  1-2 degrees .  
t h i s  d i f f e r e n c e  could be accounted for by error i n  f a i r i n g  t h e  boundar ies  of t h e  
observed plume. 
plume sp reads  i n  the v e r t i c a l  d i r e c t i o n  s i m i l a r l y  t o  t h a t  of a Gaussian plume. 
I n  bo th  f i g u r e s ,  t h e  v i s i b l e  plume v e r t i c a l  widths  i n c r e a s e  i n  t h e  
The model predicted i n  both  cases a c o n s t a n t  
H a l f  wid ths  w e r e  then  
The d i f f e r e n c e  i n  slopes of t h e  boundar ies  between t h e  observed 
Some of 
Thus, t h e  obse rva t ions  imply t h a t  t h e  fog  produced i n  t h e  cyrogenic  
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SOURCES OF ERROR 
S e v e r a l  sou rces  of e r r o r  are poss ib l e  which could  c o n t r i b u t e  t o  d i f f e r e n c e s  i n  
obse rva t ions  and p r e d i c t i o n s .  The plume could  be c o l d e r  t han  p r e d i c t e d ,  which would 
account  f o r  the h ighe r  p r e d i c t e d  he ight  of the  c e n t e r l i n e .  N o  measurements of  plume 
p r o p e r t i e s  were performed. 
secondary a i r  were measured, e i ther  could be h i g h e r  o r  lower than  used i n  t h e  predic- 
t i o n s ,  This could s i g n i f i c a n t l y  a f f e c t  plume maximum h e i g h t ,  t empera ture ,  and down- 
S ince  ne i the r  mass f l o w  rate of n i t r o g e n  nor  t h a t  of 
wind t r a j e c t o r y .  
a d i f f e r e n t  rate than  expressed  through the Richardson number. Measurements of 
tempera ture ,  exhaus t  v e l o c i t y ,  a i r  and n i t rogen  f lowrates, and c o n s t i t u e n t  concent ra -  
t i o n s  i n s i d e  t h e  plume would g ive  i n s i g h t  i n t o  the  sources  of e r r o r .  
s i o n s  of  t h e  plume from the photographs w a s  a sou rce  of e r r o r .  A t t e m p t s  were made t o  
locate the camera l i n e  of s i g h t  perpendicular  t o  t h e  downwind d i r e c t i o n .  N o  r e l a t i v e  
measurements of t h i s  l o c a t i o n  were made. The photographs were taken  a t  ground 
d i s t a n c e s  from t h e  plume of a t  l e a s t  f i v e  times t h e  plume he igh t ,  i n  o r d e r  t o  attempt 
t o  reduce e r r o r s  i n  e s t i m a t i n g  t h e  true v e r t i c a l  wid th  of t he  plume. N o  ad jus tmen t s  
The d i f f u s i o n  of the plume i n  t h e  atmosphere could be o c c u r r i n g  a t  
S c a l i n g  dimen- 
of measurements were made f o r  pa ra l l ax .  
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CONCLUSIONS 
A numerical  d i s p e r i s o n  model of a co ld  j e t  d i s p e r s i n g  i n  the  atmosphere w a s  
v i sed  f o r  t h e  NTF. Photographs of the  exhaus t  plume on s e v e r a l  r a t h e r  humid (r  l a  - 
t i v e  humid i t i e s  >70%) days were made and compared wi th  t he  plume t r a j e c t o r y  and shape  
p r e d i c t e d  by t h e  plume d i s p e r s i o n  model. Agreement between t h e  model and observa-  
t i o n s  is  good f o r  t h e  c e n t e r l i n e  t r a j e c t o r y  of the  plume. me model predicts d e s c e n t  
of t h e  plume i n  s t a g e  11, due t o  negat ive buoyancy. The p r e d i c t e d  descen t  of t h e  
plume, wi th  downwind d i s t a n c e ,  is less than  t h a t  observed. This could  be a t t r i b u t -  
a b l e  t o  lower tempera tures  i n  t h e  plume t h a n  p r e d i c t e d ,  or errors i n  e s t i m a t i o n  of 
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t h e  gaseous n i t rogen  flow rate, or the  a tmospher ic  a i r  i n g e s t e d  by t h e  exhaus t  
s y s  t e m .  
D i f fus ion  terms i n  the model were decreased  i n  the  second ( d e s c e n t )  s t a g e  i n  
o r d e r  t o  i n c r e a s e  the  p r e d i c t e d  fog  t o  be i n  better agreement w i t h  t h a t  observed. 
The model p red ic t ed  a c o n s t a n t  plume width i n  s t a g e  I1 f o r  some d i s t a n c e  downwind, 
then  dec reas ing  with f u r t h e r  d i s t ance .  
i n c r e a s e d  i n  accordance wi th  s l i g h t l y  stable o r  n e u t r a l  s t a b i l i t y  class sp read ing  of 
a Gaussian plume. This impl i e s  t h a t  the nega t ive  buoyant plume was spreading  i n  a 
v e r t i c a l  d i r e c t i o n  s i m i l a r l y  t o  t h a t  of a Gaussian plume. The plume d i s p e r s i o n  w a s  
s u f f i c i e n t  f o r  NTF ope ra t ions .  More obse rva t ions  are planned i n  t h e  f u t u r e  t o  
compare w i t h  p red ic t ions  
me observed plume widths i n  s t a g e  I1 
COMPUTER CODE 
The computer code used t o  develop t h e  p r e d i c t i o n s  i s  be ing  modified t o  a l l e v i a t e  
s p u r i o u s  e f f e c t s  on tempera ture  p r e d i c t i o n s  a t  l o w  wind speeds.  These e f f e c t s  were 
n o t  e v i d e n t  i n  the r e s u l t s  presented  h e r e i n ,  b u t  were no t i ced  when performing para-  
metric s t u d i e s .  The effects appear  t o  be computa t iona l  i n  na ture .  Switching t o  a 
LaGrangian from an Eu le r i an  approach t o  i n t e g r a t i n g  i n  t h e  plume second s t a g e  i n  t h e  
downwind d i r e c t i o n  appears  t o  a l l e v i a t e  the spur ious  computat ional  e f f e c t s .  
The computer code a l s o  con ta ins  many s t a t emen t s  f o r  exper imenta l  computa t iona l  
purposes  which may be confus ing  t o  the reader wi thou t  f u r t h e r  explana t ion .  
s t a t emen t s  were included t o  a id  i n  t he  development of the code and f o r  debugging 
purposes .  For t h e  above reasons ,  t he  code i s  n o t  a t t a c h e d  t o  t h i s  pub l i ca t ion .  It 
is  in t ended  t o  use the  modified LaGrangian code i n  comparing p r e d i c t i o n s  w i t h  f u t u r e  
obse rva t ions  a t  condi t ions  d i f f e r e n t  than  p resen ted  he re in .  An a t t empt  t o  c l e a n s e  
the code of the extraneous s t a t emen t s  w i l l  be made such t h a t  f u t u r e  p u b l i c a t i o n  may 
occur .  
These 
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TABLE I. SECOND STAGE PLUME DIMENSIONS 
Observed vs P r e d i c t e d  
59.7* 
97.3' (mean) 
C e n t e r l i n e  maximum h e i g h t ,  m 
120.5* 
148.8' 
Distance downwind of c e n t e r l i n e  a t  maximum 
h e i g h t ,  m 
Width a t  c e n t e r l i n e  maximum h e i g h t ,  m 
Observed P r e d i c t e d  
(mean) 
61.5' (mean) 
*207.7 kg/sec (458 lb/sec) Nitrogen Mass Flow R a t e  
'270.7 kg/sec (597 l b / s e c )  Nitrogen Mass F l o w  Rate 
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